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ABSTRACT 


Phonon  drag,  power-law  breakdown  and  the  condition  for  adiabatic 
shear  are  expressed  in  terms  of  material  properties,  a  critical 
strain-rate,  and  a  critical  strain.  This  information  is  incor¬ 
porated  into  the  construction  of  deformation-mechanism  maps, 
which  then  show  a  field  of  drag-controlled  plasticity  and  one 
of  adiabatic  sn^ar  (in  which  unstable  flow  may  occur) ,  together 
with  the  more  usual  fields  of  stable  plasticity,  power-law  creep 
diffusional  flow  and  so  forth.  Where  possible,  the  results  have 
been  compared  with,  and  matched  to,  experiments. 


TABLE  It  Symbol a.  Definitions  ami  Units 
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1 .  INTRODUCTION:  DEFORMATION  MECHANISMS 

A  deformation  mechanism  map  is  a  way  of  summarising  data  for, 
and  the  understanding  of,  the  plastic  properties  of  a  material. 

It  is  constructed  by  fitting  model-based  rate  equations  for  each 
mechanism  of  plasticity  to  data  for  the  material:  yield  data, 
data  for  diffusion,  and  so  forth.  A  large  number  of  maps  are 
now  available  (see,  for  example.  Frost  and  Ashby,  1982) .  But 
all  are  limited,  both  by  the  data  and  by  the  models  used  to 
construct  them,  to  strain-rates  of  less  than  1/s.  Metal  working 
and  machining  operations  (such  as  wire  drawing,  turning,  drilling), 
punching,  guillotining,  and  the  impact  of  projectiles,  generate 
strain-rates  which  are  much  higher  than  this.  Then  new  mechanisms 
appear,  and  others  are  modified. 

At  low  temperatures  (0  to  0.35  TM,  where  T  is  the  melting 
temperature) ,  strength  at  low  strain-rates  is  determined  by  obstacles 
to  dislocation  glide:  by  the  lattice  resistance,  by  a  solid  solution, 
by  a  precipitate  or  dispersion,  or  by  work-hardening.  But  at  high 
strain-rates  this  can  change:  the  interaction  of  the  rapidly-moving 
dislocations  with  phonons,  or  (at  very  low  temperatures)  with  elec¬ 
trons,  generates  a  phonon  (or  electron)  drag  which  determines  the 
flow  strength.  And  at  very  high  strain- rates  (of  order  106/s)  the 
compression  of  the  elastic  field  ahead  of  the  dislocation,  now  mov¬ 
ing  at  near-sonic  velocities,  causes  its  effective  mass  to  increase, 
and  the  flow  strength  to  rise  steeply.  This  relativistic  limit  is 
rarely  approached,  but  drag-limited  flow  is  encountered  at  strain- 
rates  which  are  achieved  in  machining,  punching  and  impact  loading. 

At  higher  temperatures  (^  0.35  tm) ,  materials  at  modest  strain- 
rates  exhibit  power-law  creep.  But  above  rates  which  may  be  as  low 


2 


as  lO^/s,  the  power-law  breaks  down.  This  power-law  breakdown  is 
really  a  broad  transition  from  the  "creeping"  response  to  the  "yielding 
response  to  stress,  characteristic  of  low  temperatures.  Hot-working 
operations  almost  all  involve  strain-rates  that  lie  in  this  regime, 
so  it  is  important  to  incorporate  it  into  any  treatment  of  high 
strain-rates . 

When  solids  are  deformed  fast  enough  that  the  work  of  deforma¬ 
tion,  which  appears  as  heat,  does  not  have  time  to  diffuse  out, 
then  they  may  show  a  localisation  of  slip  known  as  adiabatic  shear. 
Analyses  of  this  problem  vary  in  generality  and  complexity,  but  almost 
all  are  based  on  the  same  physical  idea:  that  if  the  loss  of  strength 
due  to  heating  exceeds  the  gain  in  strength  due  to  the  combined  effects 
of  strain  and  of  strain-rate  (which  are  locally  higher  if  deformation 
becomes  localised) ,  then  localisation  of  adiabatic  shear  will  occur. 

We  survey  here  the  understanding  by  these  strain- rate  mechanisms, 
and  develop  ways  of  incorporating  them  into  deformation  mechanism  maps. 


2.  MECHANISMS  FOR  UNIFORM  FLOW 


2.2  Phonon  Drag  and  Electron  Drag, and  the  Relativistic  Limit 


Above  0  K,  moving  dislocations  interact  with,  and  scatter, phonons 
which  thereby  exert  a  drag  on  it.  As  the  temperature  increases,  the  phonon 
density  rises  and  the  drag  increases.  Experimental  data  (see,  for  example, 
the  review  of  Rocks  et  al.,  1975)  shows  much  scatter,  but  is  generally  con¬ 
sistent  with  a  drag  which  increases  linearly  with  temperature.  Then  the 
dislocation  moves  with  velocity: 


3i 
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where  B  is  the  total  drag  coefficient,  BA  the  contribution  of 
phonon  drag  at  room  temperature  and  Bq  the  (residual)  electron 
drag  coefficient  at  O  &.  Here  0"g  is  the  shear 

stress,  b  the  Burger's  vector  and  T  the  absolute 
temperature . 

The  shear  strain-rate  y  is  related  to  v  by  the  Orowan 
equation* : 

y  =  p  b  v 


If,  as  the  experiments  suggest,  the  dislocation  density  p  becomes 
independent  of  stress  at  high  stresses,  we  find  the  drag-limited 
strain-rates 


y 


D 


(  P  b2  U  )  !s 

BX  T/300  +  Bq  u 


(2) 


We  have  estimated  the  value  of  C  at  room  temperature  to  be 
(5.2  je  1)  x  106  s“ 1  from  the  experimental  results  for  copper 
and  aluminium  of  Kumar  et  al.,  (1968)  and  Kumar  and  Kumble  (1969), 
Here  y  is  the  shear  modulus,  a  convenient  normalising  parameter. 

When  dislocation  velocities  approach  that  of  sound,  the  stress 
required  increases  more  rapidly  them  the  simple  linear  law  predicts. 
This  is  in  part  due  to  the  relativistic  contraction  of  the  strain 
field  of  the  dislocation  which  causes  its  elastic  energy  to  increase 
rapidly.  If  the  dislocation  density,  too,  approaches  a  limiting 
value  at  very  high  strain-rates,  there  exists  a  strain-rate  limit 
also.  Strain-rates  greater  them  10fa  s"1  are  not  reported  so  we 

♦Most  of  the  equations  and  figures  of  this  paper  are  expressed  in 
terms  of  shear  stress,  ag,  and  shear  strain-rate,  ?.  When 
equations  are  quoted,  they  are  sometimes  given  as  the  more 
familiar  relation  between  tensile  stress  a  and  strain-rate 
i.  The  two  schemes  are  related  by  cg  ■  c//J  and  y  =*  /T  i. 


have  taken  this  as  the  limit  £y*)  and  used  the  relativistic  equa¬ 
tion  to  predict  the  strain-rate  limited  by  both  drag  and  relativistic 
effects  (yR_D)  •* 


R_D  (i  +  (yd/y*)2),j 


(3) 


These  mechanisms  are  poorly  investigated,  and  the  data  for 
them  are  meagre  and  uncertain.  They  are  included  in  order  to  show, 
approximately,  the  regimes  on  the  deformation  maps  where  drag  should 
be  important. 

2. 2  Power-Law  Breakdown 

Above  about  T^  (where  TM  is  the  melting  point)  metals  start 
to  creep.  The  power-law  which  describes  steady-state  creep  in  this 
regime  breaks  down  when  stresses  exceed  about  10“ 3  y .  Then  the 
noramlly  accepted  power-law  creep  equation: 


tl 


ADvit  'r1" 


(4) 


where  A  and  n  are  dimensionless  creep  constants,  tabulated  for 
a  wide  range  of  materials  by  Frost  and  Ashby  (1982)  ,  must  be  modi¬ 
fied.  A  satisfactory  modification  giving  an  adequate  fit  to  experi¬ 
mental  data  in  both  the  power-law  and  the  breakdown  regime  above 
about  0.5  Tu  is: 


Y2  -  A  D  £|[S  sinh  (0/110)  ]" 


(5) 


5 


Here  g  is  the  normalised  stress  at  which  deviation  from  the 
power-law  is  observed.  For  pure  copper  and  aluminium  8  is 
found  to  be  about  10-3,  for  the  b.c.c.  transition  metal  tungsten, 
a  value  of  5  x  10-4  fits  the  data  better  (Frost  and  Ashby,  1982) 
and  for  h.c.p.  a-titanium  a  value  of  6  x  io~3  has  been  found 
(Doner  and  Conrad,  1973) . 

At  lower  temperatures  in  the  power-law  regime,  diffusion 
along  dislocation  cores  makes  a  greater  contribution  to  the 
creep  rate  than  lattice  diffusion.  Then  eqn.  (4)  is  modified 
(Frost  and  Ashby,  1982)  to: 


y3  =  10A 


a  ,  a 

,  c,  _  pb  .  s 

(r"r)  D  —  ( — 

bz  core  kT  l 


n+2 


(6) 


and  eqn.  (5)  to: 


Y,  »  10A  (r4) 


Mb 


a 

n  ,  s. 


b*'Dcore£?  (6  sinh  ^s/w6))  (“? 


(7) 


3.  NON-HOMOGENEOUS  FLOW:  ADIABATIC  SHEAR 


Deformation  generates  heat,  causing  the  flow  strength  a 
to  fall.  Work-hardening,  or  an  increase  in  strain-rate,  raises 
a^.  The  classical  treatment  of  diffuse  necking  (Considere,  1885) 
postulates  that  instability  starts  when  the  rate  of  softening  first 
exceeds  the  rate  of  hardening.  If  the  current  flow  strength 
depends  on  strain,  e,  strain-rate,  i,  and  temperature,  T: 


ay  =  °y  e,  T) 


(8) 
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then  the  total  differential  of 


a 


y 


is  zero  at  the  instability  point: 


(9) 


This  is  the  starting  point  of  most  treatments  of  adiabatic  instability 
(see,  for  instance,  Zener  and  Holloman,  1944;  Backofen,  1964;  Baron, 
1956;  Culver,  1973;  Argon,  1973;  or  Staker,  1981). 

There  cure  two  useful  limiting  cases.  At  temperatures  below 
da  da 

those  of  creep,  >>  .  Then: 


9a 

= 


9a 


9a 


Se  -  . d£  +  ^  . dT  ♦  'it1  di  ■ 0 

T,e  e,e  e,T 


9a 


<9^ 


T,e 


9o 

-  (—1)  51 

' 9T  '  .  de 

e,e 


(lO) 


In  words:  the  decrease  in  flow  strength  caused  by  heating  (due  to 

the  plastic  work)  balances  its  increase  with  strain  (Fig.  1) .  The 

da 


other  limit  is  that  of  steady  state.  Then  -=—*•  =  O,  giving: 


9a 


(9T> 


T,e 


( — il)  51 

l9T  ; .  de 
e,e 


(11) 


In  words:  the  decrease  in  flow  stress  caused  by  heating  (due  to  the 
plastic  work)  is  just  balanced  by  its  increase  with  strain-rate. 


3 . 1  Purely  Adiabatic  Conditions  (No  Heat  Loss) 

At  sufficiently  high  strain- rates  (e  >  Eft,  defined  below) 
all  mechanical  work  is  converted  into  heat,  so  that  heat  is 
generated  at  the  rate: 

6  =*  a  £ 

*  y 

per  unit  volume  per  second.  If  heating  is  uniform,  we  have: 


giving: 


dQ  *  a  d£  ) 


«  C  dT 
P 


a 

2L  „  JL 

de  C 

P 


At  low  temperatures  we  can  assume  (as  Staker,  1981,  does)  that 
(3ct^/3e)  is  negligible.  If,  further,  we  describe  the  stress- 
train  curve  by: 


a  (— ) 
°  eo 


m 


we  obtain  the  strain  for  the  onset  of  instability  under  purely 
adiabatic  conditions  (when  i  >  e,,  defined  below)  as: 


This  is  essentially  identical  to  the  results  of  Culver  (1973) ,  Bai 
(1981)  and  Staker  (1981)  .  It  is  helpful  to  rewrite  it  as: 


where 


e 

c 


a  C  T 
p  M 

a  a 

y 


e,e 


(17) 


The  quantity  4  is  a  dimensionless  material  property.  Typical 
values  for  it  are  given  in  Table  2.  it  lies  in  the  range: 

<()  m  o.S  to  6 

The  smaller  number  is  appropriate  if  the  yield  stress  has  the  same  tempera¬ 
ture  dependence  as  the  modulus.  The  larger  number  is  typical  of  a  very  tem¬ 
perature-dependent  material.  For  most  engineering  metals,  the  value  is  app¬ 
roximately  between  1  and  3,  depending  on  temperature  and  strain- rate.  Then 
the  critical  strain  ec  depends  mainly  on  the  current  strength  the 

work-hardening  exponent,  m,  the  specific  heat  Cp  and  the  melting  point  Tj 

Eqn.  (17)  shows  that  ec  has  a  slight  dependence  on  strain-rate, 
through  the  strain- rate  dependence  of  m  and  of  ay.  This  is  impor¬ 
tant  since  it  affects  how  the  boundary  of  the  adiabatic  shear  field 
is  displayed:  if  ec  varies  with  strain-rate,  then  both  ec  and 
cA  must  be  evaluated  using  the  value  of  and  m  corresponding 

to  the  strain  e_  and  the  strain-rate  e. . 
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3. 2  Effect  of  Heat  Loss  on  the  Adiabatic  Conditions 

Eqn.  (17)  defines  a  sufficient  condition  for  the  onset  of 
adiabatic  shear  provided  no  heat  is  lost  from  the  sample. 

It  is  the  basis  of  the  approach  used  by  Culver  (1973)  and  of 
Staker  (1981)  who  supports  it  with  data  on  explosively  deformed 
(£  =  104/s)  AISI  4340  steel,  heat  treated  to  give  various  combina¬ 
tions  of  0^  and  m.  The  assumption  of  no  heat  loss  is  valid,  of 
course,  only  when  the  rate  of  deformation  is  sufficiently  large. 

We  now  estimate  this  critical  strain-rate  £  and  examine  the 

A 

criterion  for  adiabatic  shear,  allowing  for  heat  loss. 

Consider  a  uniform  deformation  (and  thus  heat  input)  but  with 
heat  loss  to  the  surroundings  at  a  rate  q  (J  s-1)  (Carslaw  and 
Jaeger,  1959,  or  Geiger  and  Poirier,  1973,  Ch.  7) : 

q  =  ~  (T  -  T  )  (19) 

K  S 

Here  a  is  a  constant  of  order  2,  K  is  the  thermal  conductivity 
(J  m-1  s~l  K“l)  and  R  (m)  a  characteristic  dimension  of  the 
sample  (e.g.  the  radius  of  a  cylindrical  sample  if  conduction 
to  the  environment  is  important,  or  the  spacing  of  slip  bands  if  deforma¬ 
tion  is  not  homogeneous,  see  Fig.  2.  T  is  the  temperature  of  the  sample 
and  Ts  is  that  of  the  heat  sink  (which  will  be  the  bulk  specimen 
temperature  in  the  'slipband'  case.) 

The  heat  balance  equation  now  becomes: 


VC  dT  +  A  q  dt  =  V  a  de 

P  y 


(20) 
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where  V  is  the  volume  of  the  sample  and  A  its  surface  area  (Estrin  and 
Kubin,  1980,  base  their  analysis  on  this  equation).  Taking  A/V  -  2/R 
we  find: 


dT 

dt 


+ 


2  a  K 

C  rT 
P 


(T  -  T  ) 
s 


a 

y 


i_ 

c 

p 


(21) 


t  is  the  characteristic  time  (in  seconds) 
Equation  (21)  now  becomes: 

dT  1  a„ 

dF  +  FF  -  V  "  (22) 

P 

It  cannot  be  integrated  analytically  because  a ^  depends  on  strain 
according  to  the  power-law,  eqn.  (15). 


Now,  the  factor 


C  r“ 

_JL 


2  OK 

for  thermal  diffusion. 


Consider  first  the  approximate  solution  to  this  equation. 
If  the  critical  strain  required  for  adiabatic  shear  is  ec,  we 
may  write: 


dT 

de 


S 


x  -  X 


s 


s 

c 


Heat  loss  to  the  surroundings  becomes  important  only  if  the  second 
term  on  the  left  hand  side  of  eqn.  (22)  becomes  comparable  to,  or 
larger  than,  the  first.  We  therefore  have  adiabatic  conditions 


only  when: 


11 


T  -  T  T  -  T 

_s_  >  _ 2. 

** 

c 


giving  (from  the  definitions  of  t  and  e  )  critical  strain-rates 

c 

which  must  be  exceeded  for  adiabatic  shear  to  become  possible: 


e  2m  a  K  T 
.  _c  _ M 

A  t  <j>  a  R2. 

y 


where  a  ,  <p  and  m  are  the  values  at  the  strain  e  and  the  strain- 
y  c 

rate  e. . 

A 

In  the  steady  state  limit,  appropriate  to  higher  temperatures, 
dT/de  is  zero,  giving  (from  eqn.  22) : 


T  -  T  *  7?-  1  i 

3  s 


Combining  this  with  the  localisation  condition  (eqn.  11)  and  the  con¬ 
stitutive  law  for  power-law  creep  (eqn.  4) : 


gives 


2  a  K  T. 


'A  n  <p  0^  Rc 


which  is  identical  with  eqn.  (23)  with  m  replaced  by  — .  If 

is  set  equal  to  the  "saturation"  or  limiting  strength  at  large  strain  at 

low  temperatures,  or  the  steady  creep  stress  at  high,  then.  eqn.  (26) 
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S, 


defines  (approximately)  a  minimum  strain-rate-  below  which  adiabatic 
shear  will  not  occur. 

We  thus  find  that  for  shear  localisation  under  true  adiabatic 
conditions  (no  heat  loss) ,  two  conditions  must  be  met  simultaneously: 
the  strain  must  exceed  the  critical  strain,  given  by  eqn.  (18),  and 
the  strain-rate  must  exceed  the  critical  rate  given  by  eqn.  (23) 
or  (26) . 


3. 3  Homoqeneous  Heatinc 


Because  both  conditions  must  be  satisfied,  a  homogeneous  deforma¬ 
tion  e  preceeds  localisation,  even  when  the  strain-rate  exceeds  . 
c  A 

During  this  homogeneous  strain,  the  temperature  of  the  sample  rises  by 
AT  where  (Fig.  3) : 


The  strain  hardening  parameter  m  decreases  monotonically  with  tem¬ 
perature  for  pure  metals  and  alloys  from  a  value  near  0.5  at  0  K 

approaching  a  value  near  zero  at  higher  temperatures  (about  0.3  T  ) 

M 

where  recovery  mechanisms  are  rapid.  Using  data  from  Table  2,  AT/T„ 

M 

varies  from  a  maximum  of  0.5  to  as  little  as  0.005.  Clearly,  the  lar¬ 
ger  value  means  that  the  homogeneous  heating  before  instability  is  large, 
and  requires  a  correction  to  the  equations.  But  the  materials  most  sus¬ 
ceptible  to  adiabatic  shear  (see  Table  2 )  have  low  values  of  m  and 


large  values  of  <p,  so  that  the  precursory  temperature-rise  is  small. 

4.  DEFORMATION- MECHANISM  MAPS  EXTENDED  TO  HIGH  STRAIN-RATES 

4. 1  Construction  of  the  Maps 

Deformation-mechanism  maps  are  constructed  from  constitutive 
equations,  each  describing  one  mechanism  of  deformation.  The  equa¬ 
tions  are  based,  as  far  as  possible,  on  physical  models  for  each 
mechanism,  so  justifying  their  extrapolation  beyond  the  range  of  the 
data  to  which  they  are  fitted.  The  models  and  procedure,  are  described 
in  detail  by  Frost  and  Ashby  (1982) .  Briefly,  the  maps  are  based  on 
equations  and  data  for  lattice-resistance  controlled  glide-. 

a  2  AF  a  ^  $ 

y  *  Yp  (-“>  expt-  (1  -  (“■)  )  > 

P 

for  obstacle-controlled  glide: 


t 


Y0  exp 


AF 

{-^f" 


for  power-law  creep: 


A  D 


t  = 


eff 


Ub 


kT 


n 


where 


eff 


Dv  +  10  #  ('f) 


D 

core 


and  for  diffusional  flow: 
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where 


42  a  ft 

.  S  _  > 

Y  *  D 


kT  d2  eff 


D  '  =  D  +  —  D 

eff  v  d  b 


(31) 


The  symbols  are  defined  in  Table  1 .  The  procedure  identifies  the 

dominant  mechanism  (the  one  which,  at  a  given  stress  and  temperature, 

determines  the  strain- rate)  and  the  total  strain-rate,  allowing  for 

simultaneous  contributions  from  independent  mechanisms.  The  results 

are  plotted  as  a  map  on  axes  of  normalised  stress  (a  /\i)  and  tern- 

s 

perature  (T/T  )  or  strain-rate  (y)  and  stress  (o  /y) . 

M  s 

For  the  present  purposes,  a  new  kind  of  map  with  axes  of  strain- 
rate  (y)  and  temperature  (T/TM)  is  more  helpful  because  it  expands 
the  high  strain-rate  regime  while  still  allowing  the  others  to  be  dis¬ 
played.  Phonon  drag  and  the  relativistic  limit  are  incorporated  as 
new  mechanisms,  using  eqns.  (2)  and  (3) :  the  slowest  of  eqns.  (2) ,  (3) , 
(28)  and  (29)  is  dominant,  provided  it  is  faster  than  the  independent 
mechanisms  described  by  eqns.  (30)  and  (31).  Power-law  breakdown  is 
included  by  replacing  eqn.  (30)  by  those  of  Section  2.2,  which  are 
conveniently  combined  into  the  single  equation: 

*  ■  ADeff  slnh  1321 

Only  adiabatic  shear  produces  special  problems .  Two  conditions  - 
a  critical  strain  and  a  critical  strain-rate  -  must  be  met  simultaneously. 
It  is  straightforward  to  plot  the  critical  strain-rate  (eqn.  23) : 
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2  m  o  K  Tm 

$  <J 

T  s 


□  3) 


It  bounds  the  field  in  which  adiabatic  shear  is  possible.  But  displaying 
within  that  field  the  strain  which  must  be  exceeded  for  shear  to  occur 
is  more  difficult.  We  return  to  this  problem  in  a  moment. 

Figs.  4  and  5  show  maps  for  titanium  and  zirconium,  using  this  pro¬ 
cedure.  Data  are  from  Sargent  and  Ashby  (1982) .  (The  critical  strain- 


rate 

was 

evaluated 

by 

the  method  described 

in 

Appendix  1 

using 

a 

critical 

shear 

band  spacing  of 

250 

4m 

and  the 

data 

in 

Table  3 . 

The 

figures  show  the 

normal 

fields 

of  glide  plasticity,  power-law  creep  and  diffusional  flow.  But  in 
addition  there  are  fields  of  drag-controlled  plasticity,  power-law 
breakdown  and  adiabatic  shear.  The  diagrams  are  bounded  at  the  top 
by  the  relativistic  limit.  The  data  used  to  evaluate  the  adiabatic 

shear  field  are  given  in  Appendix  2. 

4.2  Refinements:  The  Critical  Strain 

Figs.  6  and  7  show  the  adiabatic  shear  fields  in  more  detail.  They 
were  computed  using  the  numerical  method  of  Appendix  1 .  Boundaries  for 
the  onset  of  adiabatic  shear  are  marked  for  unlimited  strain  (full  heavy 
line)  and  at  strains  of  0.4  and  0.3  (thinner  lines) .  Larger  strains 
are  needed  to  induce  unstable  shear  at  low  strain-rates  to  compensate 
for  the  greater  loss  of  heat.  Larger  strains  are  also  required  above  0.3  t 

M 

in  titanium  because  $  becomes  small  (see  Appendix  1 (b) ) . 

The  numerical  computation  of  the  conditions  for  instability  is 
easier  than  solving  the  equations  directly,  but  it  obscures  the  physical 
understanding  of  the  way  in  which  the  material  parameters  influence  the 
results.  Figure  8  shows  an  adiabatic  shear  field  in  a~titanium,  bounded 
by  the  critical  strain  rate:  ec/t  (R  -  250  ym)  using  data  for  <p,  <jy 


and  m  calculated  for  that  same  strain- rate.  (Data  are  discussed  in 


Appendix  2.)  An  approximate  description  of  the  adiabatic  shear  field 
is  possible  without  simulation.  From  eqn.  (23)  or  (26)  ,  the  important 
parameters  are  the  thermal  softening  rate,  the  strain  hardening  index 
and  the  thermal  conductivity.  To  a  reasonable  approximation,  the 
field  boundary  can  be  described  by: 


o  (-3o/3t) 

•  ,  __ ,  •  m  K  o 

eA  (T)  =  £A  m~  K~  (-3q/3T) 

O  o 


(34) 


where  m,  K  and  Oa^/ST)  are  the  values  at  temperature  T  and  mQ, 

K  and  (3 o  /3T)  are  the  values  at  300  K.  it  has  been  used  to  con- 
o  y  o 

struct  Fig.  9.  We  now  examine  the  temperature  dependence  of  the  quan¬ 
tities  which  enter  it. 

B.c.c.  and  h.c.p.  metals  have  strengths  which  fall  rapidly  with 

increasing  temperature  below  about  0.1  TM  because  the  flow  strength 

is  controlled  by  the  lattice  resistance  to  dislocation  glide.  Thus 

(-3Cy/3T)  is  large  and  $  is  as  high  as  6.0.  Between  about  0.1  TM 

and  0.2  Tu  the  thermal  softening  decreases  in  magnitude,  and  from  0.2 

to  0.4  T„,  (depending  on  the  strain  rate)  there  is  a  plateau  in  which 

$  **  0.5  to  1.0  (Fig.  10) .  F.c.c.  metals  do  not  show  the  large  values 

of  at  low  temperatures.  The  value  of  $  is  easily  seen  on  ordinary 

deformation  maps  with  axes  of  a  /p  and  T/T  :  it  is  directly  related 

S  M 

to  the  slope  of  the  strain-rate  contours,  shown  in  Fig.  10. 

The  work-hardening  exponent  m  falls  with  increasing  temperature. 
Its  value  at  300  K  is  listed  in  Table  2.  Data  for  pure  aluminium,  given 
in  the  Appendix,  suggest  an  exponential  decrease  , whereas  that  for 


titanium  seems  to  be  linear. 


The  thermal  conductivity  also  decreases  with  increasing  temperature, 
but,  below  about  20  K  (where  m  tends  to  a  constant  value) ,  &  k  increases 
rapidly  (by  a  factor  of  nearly  10O)  for  pure  f.c.c.  metals,  before  dropping 
towards  zero  close  to  0  K. 

Figure  9  shows  that  this  simple  approach  can  be  used  to  predict  the 
approximate  position  of  the  adiabatic  shear  field,  including  the  jump  in 
critical  strain-rate  (with  increasing  temperature)  when  modulus-controlled 
thermal  softening  becomes  effective.  A  prediction  of  the  critical  strain  at 
300  K  is  also  possible,  using  eqns.  (16)  or  (17) . 

5.  FURTHER  APPLICATIONS 

Adiabatic  shear  fields  have  been  calculated  for  mild  steel,  Ti-6  %  Al-4  %  V, 

pure  aluminium  and  commercially  pure  aluminium  (A1‘  lloo) ;  shown  in  figures  11  to 

•14.  Figure  11  clearly  shows  the  effect  of  strain-rate  on  the  critical  strain. 

At  temperatures  above  0.1  TM,  ec  increases  rapidly  as  the  strain-rate  drops 

because  of  heat  losses,  but  far  from  the  adiabatic  limit  e  increases  with 

c 

increasing  strain- rate  because  the  term  a  $  in  eqn.  (17)  is  weakly ,  but 
definitely,  strain-rate-dependent.  The  drop  in  e  below  0.1  T  is  due 
to  the  drop  in  Cp  with  decreasing  temperature.  The  titanium  alloy  shows 
the  weak  strain- rate-dependence  (Fig.  12)  but  the  heat  loss  effect  is 

too  small  to  be  seen  on  the  map  because  the  thermal  conductivity  is  very  low 
for  this  material. 

Pure  aluminium  shows  no  instability  below  0.06  T„  because  its  thermal 
conductivity  is  so  high  (Fig.  13) .  Instability  does  not  occur  above  about 
0.12  Tm  because  the  homogeneous  heating  becomes  too  great:  even  at  0.1  T 

M 

the  smallest  value  for  e  is  200  %. 

c 

Figure  14  demonstrates  the  difference  that  small  alloying  additions  can 
make  to  a  metal's  thermomechanical  properties.  Critical  strains  are  still 
high  (ec  a  350  %)  but  there  is  no  low  temperature  cut-off  due  to  K  and 
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6.  CONCLUSIONS 

The  values  of  critical  strain  and  strain-rate  obtained  from  the 
theory  by  the  numerical  method  make  it  possible  to  draw  four  prin¬ 
ciple  conclusions. 

1.  The  thermal  diffusion  distance  (R)  is  much  smaller  than 
the  specimen  size  and  is  probably  related  to  the  microstructure  and 
slip  band  spacing. 

2.  Even  for  pure  f.c.c.  metals,  where  the  flow  stress  is  not 

highly  strain-rate  sensitive,  there  is  a  significant  effect  of 

strain-rate  on  the  critical  strain  (e  )  even  in  the  fully  adia- 

c 

batic  condition. 

3.  The  homogeneous  heating  can  easily  be  large  enough  to  put 
the  material  into  the  power- law  creep  regime  before  there  is  any 
strain  localisation. 

4.  The  thermal  softening  due  solely  to  the  effect  of  temperature 
on  the  shear  modulus  gives  an  upper  bound  to  the  minimum  strain-rate  for 
adiabatic  shear.  This  effect  is  characteristic  of  the  base  metal  of 
any  alloy  and  can  not  easily  be  altered. 

It  must  be  appreciated  that  the  theory  given  here  contains  many 
approximations  and  that  very  little  data  are  available  to  set  the  essen¬ 
tial  constants  (like  R) .  But  despite  these  reservations,  the  method 
gives  a  useful  way  of  describing  the  onset  of  adiabatic  shear  and  the 
strain  necessary  to  achieve  it.  The  main  qualitative  differences 
between  materials  are  nicely  displayed,  in  a  readily  accessible  way. 

And  as  better  data  become  available,  the  method  can  be  refined  and 


improved . 
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APPENDIX  1:  EVALUATION  OF  THE  ADIABATIC  SHEAR  CONDITIONS 


(a)  Numerzoal  Method 

When  maps  are  computed  numerically,  some  of  the  approximations 
made  in  the  text  are  unnecessary.  Let  the  yield  strength  of  the 
material  depend  on  strain,  strain- rate  and  temperature  as: 


a  (£,  T)  *  A'  u  (f-)m  (1  +  H  to  (f-n 
y  o  o 


(Al) 


in  which  the  dimensionless  quantity  A'  is  given  by: 


A' 


at 

and 


e  =  e 

o 

T  =  0  K 


(A2) 


This  is  simply  a  combination  of  eqns.  (15).  and  (29).  The  equation 
allows  all  three  partial  derivatives  that  appear  in  eqn.  (9)  to  be 
evaluated.  Then  the  two  conditions  for  adiabatic  shear  can  be 
calculated  more  precisely,  using  data  given  here  and  in  Sargent 
and  Ashby  (1982)  and  Frost  and  Ashby  (1982) . 

Deformation  is  modelled  at  a  chosen,  constant,  strain-rate  ( e)  / 

so  that  eqn.  (10)  is  valid,  starting  with  the  metal  at  the  temperature 

of  the  sink  (T  )  at  a  strain  of  0.01  %.  The  strain  is  j...  xea  -d  in 
s 

steps  of  0.01  %  and  after  each  increment  the  flow  stress,  temperature, 
thermal  softening  rate  and  strain  hardening  rate  are  calculated  as 


differentials  of  eqn.  (Al)  and  are  used  in  the  next  increment  calcula¬ 
tion.  At  each  step  the  instability  criterion: 


3qy  dT 
3T  de 


(A3) 


is  tested  and  if  it  is  satisfied  the  critical  strain  is  recorded.  If, 

at  any  stage,  the  temperature  rises  above  0.3  T  ,  or  if  the  strain  gets 

n 

ridiculously  large  ( >  10) ,  the  calculation  is  terminated. 

In  order  to  determine  the  effect  of  heat  loss,  the  temperature 
increment  dT  is  calculated  from: 


a  (T  -  T  ) 

dT  ■  -  — w2- ic 


(A4) 


instead  of  just 


(A5) 


This  illustrates  an  interesting  point,  non-adiabatic  conditions  can 
actually  make  instability  more  likely  by  removing  heat  and  so  prevent¬ 
ing  the  temperature  from  rising  into  the  creep  field. 

This  numerical  method  gives  the  instability  strain  for  a  given 
strain-rate  and  starting  temperature.  The  results  depend  strongly 
on  the  length  R.  We  have  selected  a  value  which  correctly  gives 
the  onset  of  instability  at  room  temperature  and  at  a  known  strain- 
rate,  taken  from  the  experiments  of  Winter  (1975) ,  Timothy  (1982) 
and  Wulf  (1979) .  The  value  R  *  250  jjm  gives  good  agreement  for 


titanium. 
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For  zirconium,  aluminium,  mild  steel  and  the  titanium 
and  zirconium  alloys,  the  same  value  of  R  was  used  (250  pm) 
as  for  titanium.  Thermal  conductivities  were  found  from  The 
AIP  Handbook  (1972)  and,  where  possible,  the  variation  of  the 
strain  hardening  index  m  was  taken  into  account:  for  titanium 
m  drops  linearly  with  temperature  (Harding,  1975)  and  for 
aluminium  it  drops  exponentially  (Trozera  et  al.,  1957).  The 
data  are  summarised  in  Table  3 . 


TABLE  3:  Data  for  Figs.  6,  7,  11,  12,  13  and  14 


Material 

m 

A 

AF 

e 

o 

o-Ti 

V  A 

c  o 
•  •  • 

O  »- 

LJ  *-“■ 

1.8  x  io-2 

0.114  pb3 

0.1 

a-Zr 

0.16 

5.6  x  io-3 

0.25  pb3 

0.1 

Mild  Steel 

0.03 

8  x  10“ 3 

0.5  pb3 

1 .0 

Ti-6  %  Al-4  %  V 

0.114 

1.8  x  io*2 

0.5  pb3 

0.01 

Aluminium 

<0.67 

>0.32 

3.3  x  io*3 

0.27  pb3 

1.0 

Al  1100 

0.244 

7.9  x  io*3 

0.54  pb3 

1.0 

(b)  Approximate  Method  of  Equation  (34) 

Titanium  shows  adiabatic  shear  at  room  temperature  for  strain- 
o 

rates,  eA,  above  102  s~l  (Timothy,  1982  Winter,  1975  Wulf,  1979). 
The  work-hardening  exponents  m  and  mQ  are  taken  from  Harding  (1975) 
A  linear  relationship  m  -  0.111  -  (8.625  x  lcr5)  T  K*1  was  fitted 
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to  data  for  a  commercially  pure  Ti  (roughly  approximating  to  ASTM 
Grade  3  to  Grade  4)  tested  at  a  strain-rate  of  44  between  77  °K 
and  660  °K.  Thermal  conductivity  values  were  obtained  using  data 
points  at  4.2  K  (K  «  5.8  W  m_1  K'1} ,  30  K  (K  =  33  W  nr1  K”1)  and  273  K 

(K  »  20  W  m"1  X"1)  in  the  AIP  handbook.  The  quantity  (-3o/3T) 
was  taken  from  Tanaka  (1978)  and  at  664  K  this  appears  to  go 
to  zero,  thus  implying  that  the  predicted  limiting  strain-rate 
for  adiabatic  shear  band  instability  (e  )  would  go  to  infinity. 

L  Jilt 


Eowever,  <p  cannot  be  less  than 


Ho  9T 


which  for  ct-Ti  is  1.2 


(Sargent  and  Ashby,  1982)  ,  so  (-3cy/3T)  just  drops  to  0.08  MPa  K-1 
and  increases  to  a  maximum  of  635  s-1  (=  102"8  s”1)  at  665  K.  At 

such  a  high  homologous  temperature,  strain-rate  stabilisation  will 
be  important  and  may  well  be  higher. 


\ . 
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APPENDIX  2:  EXPERIMENTAL  OBSERVATIONS  OF  ADIABATIC  SHEAR  IN  TITANIUM 


There  are  a  number  of  grades  of  "commercial"  purity  titanium, 
containing,  typically,  0.07  vt  Z  N,  0.4  wt  Z  0,  0.1  wt  Z  C  and 
0.3  wt  Z  Fe.  The  tensile  yield  strength  depends  on  the  quantity 
of  interstitial,  N,  0  and  C  and  can  vary  from  250  to 
700  MN/m2.  Adiabatic  shear  has  been  clearly  identified  in 
three  studies.  The  data  are  summarised  in  Table  4. 


TABLE  4:  Adiabatic  Shear  in  CP  Titanium 


Material 

Test  Temp  (K) 

Strain  Rate 
Range  (s"*1) 

Ref. 

IMI  125 

300 

3  x  io3  3  *  104 

Wulf 

(1979) 

IMI  130 

300 

5  *  103 

Timothy 

(1982) 

Low  Purity  Titanium 
(probably  AMS  4901 
Grade  4) 

300 

*  5  *  104 

Winter 

(1975) 

Wulf  (1979),  using  a  modified  Hopkinson  bar,  applied  strain- 
rates  in  the  range  3  x  103/s  to  3  *  104/s.  He  observed  Newtonian 
viscous  behaviour  above  5  *  103/s,  suggesting  drag-controlled  plas¬ 
ticity.  His  data  give  a  drag  coefficient  C  =  1.0  *  107  s”1,  varyii 
a  little  with  orientation  of  the  sample  with  respect  to  the  textured 
sheet  from  which  it  was  cut.  Wulf ’s  micrographs  show  bands  of  inten¬ 
sely  localised  shear. 


Timothy  (1982)  examined  the  microstructure  beneath  the  indent 
left  by  the  impact  of  a  high-velocity  steel  sphere.  Etching  showed 
bands  of  intense  shear  at  room  temperature.  The  strain-rate  in  such 
an  experiment  is  less  well-defined  than  that  in  the  Hopkinson  bar 


experiments  but  approximate  rates  can  be  inferred  from  the  indent 
dimension  and  the  projectile  velocity.  In  the  case  of  Timothy's 
experiments,  it  lies  within  a  factor  of  2  of  5  *  10 3  s”1. 

Vinter  (1975)  also  indented  a  commercial-purity  titanium,  and, 
like  Timothy,  found  bands  of  intense  localised  shear  beneath  the 
indenter  at  high  impact  velocities.  The  strain-rates  in  this 
case  are  within  a  factor  of  5  of  5  *  104  s”1. 

Woodward  (1978),  studying  the  penetration  of.  metal  targets  by 
projectiles,  also  observed  signs  of  adiabatic  shear  in  IKE  125.  It 
is  not  possible  to  obtain  a  strain-rate  from  his  data. 


TABLE  2  s  ROOM  TEMPERATURE  DATA  FOR  METALS  AND  ALLOTS 
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Figure  I:  As  Che  material  is  strained  the  strain-hardening  rate 

decreases  but  the  rate  of  thermal-softening  remains 
constant.  At  ec  deformation  becomes  unstable  and 
Adiabatic  Shear  occurs. 


Figure  3 


Figure  3:  The  material  heats  up  homogeneously  during  straining  and 

softens.  As  a  consequence  (if  AT  is  significant)  the 
material  is  stabilised  with  respect  to  shear  instability 
and  the  critical  strain  increases  from  ec  to  e£. 

The  yield  stress  here  is  defined  as  the  flow  stress 
at  a  strain  of  e  (see  Table  2) . 
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Strain  rate/homologous  temperature  deformation  map 
for  titanium.  The  adiabatic  shear  field  position 
by  the  numerical  method  (see  Fig.  6) . 


Figure  4: 
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Figure  5:  Stzain  race /homologous  temperature  deformation,  map 

for  zirconium.  The  adiabatic  shear  field  position 
is  determined  by  the  numerical  method  (Fig.  7) . 


SHEAR  STRAIN  RATE  Y  ( s" 


Figure  6 


Figure  6: 


Adiabatic  shear  field  on  a  partial  a-citanium  deforma¬ 
tion  map  showing  critical  strain  contours  determined  by 
the  numerical  method . 
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Figure  7: 


Adiabatic  shear  field  on  a  partial  a-zirconium  deforma 
tion  map  showing  critical  strain  contours  determined 
by  the  numerical  method. 
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Figure  9 
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Adiabacic  shear  field  on  a  partial  a-titanium  deforma¬ 
tion  map  with  the  minimum  strain  rate  calculated  using 
eqn.  (34)  . 
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Figure  10:  A  diagram  of  part  of  a  typical  normalised  stress/  - 

homologous  temperature  deformation  map  showing  a 
plateau  where  the  strength  scales  as  the  modulus 
because  the  deformation  is  transitional  between 
*  the  glide  and  the  glide  +  climb  (creep)  mechanisms. 
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Figure  11: 
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Adiabatic  shear  field  on  a  partial  mild  steel 
deformation  map  showing  critical  strain  contours 
determined  by  the  numerical  method. 
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Figure  12:  Adiabatic  shear  field  on  a  partial  Ti-6  %  Al-4  *  V 

deformation  map  showing  critical  strain  contours 
determined  by  the  numerical  method. 
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Figure  13:  Adiabatic  shear  field  on  a  partial  aluminium  deforma¬ 

tion  map  showing  critical  strain  contours  determined 
by  the  numerical  method. 


Figure  14 ;  Adiabatic  shear  field  on  a  partial  aluminium  alloy 
(Al  1100)  deformation  map  showing  critical  strain 
contours  determined  by  the  numerical  method. 


